Abstract: Intensity modulation and direct detection (IM/DD) is a promising solution for short-reach links. In this paper, we experimentally demonstrate transmission of 128-Gb/s discrete Fourier transform (DFT)-spread 16-ary quadrature amplitude modulation (QAM) orthogonal frequency division multiplexing (OFDM) signals in an IM/DD optical system. Vestigial sideband (VSB) modulation with 20-dB suppression ratio enabled by a costeffective interleave or a tunable optical filter (TOF) is employed to eliminate chromatic dispersion (CD) induced power fading. Meanwhile, a combination of advanced digital signal processing (DSP) algorithms, such as pre-equalization, nonlinearity equalization (NE), and decision-directed least mean square (DDLMS), are utilized to mitigate the system distortions and improve system performance. By using this scheme, the 32-GBd DFTspread OFDM signals can be successfully transmitted over 320-km standard single mode fiber (SSMF) with the measured bit error ratio (BER) under the soft-decision forwarderror-correction (SD-FEC) threshold of 2 Â 10 À2 . We also achieved 144-Gb/s for 80-km SSMF transmission. Additionally, 4 Â 128-Gb/s wavelength division multiplexing (WDM) DFT-S OFDM signals transmission over 320-km SSMF is experimentally investigated. To the best of our knowledge, this work reports the longest transmission distance for beyond 100-Gb/s IM/DD system.
Introduction
The wide spreading of multimedia services, broadband Internet, and cloud services are driving the demand for higher transmission capacity in short-reach links, access, and metro networks. It requires optical transmission system with data rate up to 400 Gb/s or even 1 Tb/s [1] . To meet this ever-increasing capacity demands, access and metro networks are moving from the classic spectral inefficient single channel non-return to zero (NRZ) modulation to spectral efficient advanced modulation formats, and wavelength-division multiplexing (WDM) [2] . Meanwhile, considering the low cost, low power consumption, and low complexity, intensity modulation and direction detection (IM/DD) are considered as competitive candidates and practical methods for next-generation passive optical networks (NG-PON2) and data center interconnections. Recently, different techniques have been employed for the advanced modulation formats in IM/DD links. Additionally, several 100 Gbit/s/lambda short-reach transmission experiments have been reported, such as four-level pulse amplitude modulation (PAM-4) with polarization division multiplexing [3] , single polarization PAM-8 with Nyquist shaping [4] , multi-band carrierless amplitude phase modulation (multi-CAP) [5] , Discrete Multi-Tone (DMT) [6] , and discrete Fourier transform (DFT)-spread DMT [7] . In [8] , 100 Gb/s is reported by adopting Stokes vector direct detection (SV-DD).
However, the transmission distances in the aforementioned publications are limited to about 10 km due to the power fading after direct detection induced by chromatic dispersion (CD). One possible solution is single sideband (SSB) modulation based on dual drive Mach-Zehnder modulator (MZM) or optical filter assisted vestigial sideband (VSB) modulation. In [9] , 80-km standard single mode fiber (SSMF) transmission for 100-Gb/s (net data rate) bit and power loading (BPL) DMT signals can be achieved by an integrated I/Q modulator based SSB modulation. In [10] , 100-km SSMF transmission for 110.3-Gb.s (including overhead) BPL DMT signals has been demonstrated with optical filter assisted VSB modulation. In [11] , 112-Gb/s (including overhead) BPL DMT signals with twin SSB techniques based on dual drive (DD)-MZM transmitting over 80-km SSMF are reported. The modulation formats BPL DMT in the abovementioned three papers requires frequently channel information updating for the bit and power allocation, which will add the computational complexity. Moreover, the BPL DMT signals has high peak-to-average power ratio (PAPR), which will seriously degrade the system performance, especially in IM/DD based system.
In this work, it is the first time, to the best of our knowledge, that the transmission of 128-Gb/s DFT-S 16-ary quadrature amplitude modulation (QAM) orthogonal frequency division multiplexing (OFDM) signals over 320-km SSMF with direct detection and without any CD compensation has been demonstrated. Compared to BPL DMT modulation, DFT-S OFDM has lower PAPR and shows strong tolerance towards high frequency power attenuation. Vestigial sideband (VSB) modulation with 20-dB suppression ratio compared to double side-band (DSB) is realized by a cost-effective interleave or a tunable optical filter (TOF) to eliminate the CD induced power fading. Moreover, a series of advanced digital signal processing (DSP) algorithms pre-equalization [12] , and nonlinearity equalization (NE) [13] , [16] are utilized to mitigate bandwidth insufficient of optical and electrical devices, nonlinearity induced by VSB [14] , fiber transmission, and electrical devices, respectively. Decision-directed least mean square (DDLMS) is employed to mitigate the inter carrier interferences (ICI), and improve the decision precision [15] . By using this scheme, the 32-GBd DFT-spread OFDM signals can be successfully transmitted over 320-km standard single mode fiber (SSMF) with the measured bit error ratio (BER) under the soft-decision forward-error-correction (SD-FEC) threshold of 2 Â 10 À2 . Meanwhile, 4 Â 128-Gb/s wavelength division multiplexing (WDM) DFT-S OFDM signals transmission over 320-km SSMF is also experimentally investigated.
The reminder of this paper is organized as follows. Section 2 explains the principle of signal processing algorithms implemented in this paper for different distortions compensation. Section 3 shows the experimental results for 128-Gb/s single wavelength transmission. In Section 4, four wavelength channels transmission results are given. Finally, Section 5 concludes of this paper.
Experimental Setup and Principle of Signal Processing Algorithms
The experimental setup for the 16 QAM DFT-S OFDM transmission and reception is illustrated in Fig. 1 . At the transmitter side, an external cavity laser (ECL) with linewidth less than 100 kHz is used as optical source. The operating wavelength is located at 1548.5 nm and the output power is 13 dBm. The continuous-wavelength lightwave output from ECL is modulated by 32-GBd 16 QAM DFT-S OFDM signals, which is generated offline in Matlab and then loaded into a digital-to-analog convertor (DAC) with 80-GSa/s sampling rate and 16-GHz 3-dB bandwidth. Before modulated onto the optical carrier, the output signals from DAC are boosted by an electrical amplifier (EA) to ∼20 dBm to drive the modulator. The used single-drive MachZehnder modulator (MZM) in this demonstration has a 3-dB bandwidth of ∼36 GHz, 2.8-V halfwave voltage at 1 GHz and 5-dB insertion loss. Before being transmitted over several spans of 80-km SSMF with Erbium-doped fiber amplifier (EDFA)-only amplification in the absence of optical dispersion compensation, the output optical signals from MZM are amplified to 9 dBm using an EDFA to compensate for modulation and insertion loss. After fiber transmission (multiple 80 km spans with span fiber loss of 17.5 dB), a narrow bandwidth tunable optical filter (TOF) or an interleave (IL) with 50-GHz grid is implemented to realize VSB modulation. This part can also be implemented before fiber transmission. Before optical to electrical (O/E) conversion (one 40 GHz photodiode and with one power electrical amplifier with 32 dB gain), a variable optical attenuator (VOA) is placed to adjust the received optical power. At last, the received electrical signals are captured by a real-time digital storage oscilloscope (OSC) with 80-GSa/s sampling rate and 36-GHz electrical bandwidth and subsequently processed by offline digital signal processing (DSP).
The detailed signal processing flow charts at transmitter and receiver side are depicted in Fig. 2 at the frequency domain is needed. At the receiver side, synchronization is firstly employed by convolution. Subsequently, nonlinearity equalization algorithm is implemented to compensate the nonlinear distortions induced by VSB, optical modulator, electrical amplifiers fiber transmission and square-law detection. The signals are then turn to DFT-S demodulation model, which are the inverse steps of the DFT-S modulation at the transmitter, including down-conversion to baseband, CP removing, DFT, zero removing, training sequence extraction, post frequency domain equalization, and additional IDFT. During the post equalization, one tap zero forcing (ZF) algorithm is used to estimate the channel matrix for simplicity. In order to further improve the BER performance, decision-directed least mean square (DDLMS) can be utilized at frequency domain. It can be used for inter carrier interference mitigation, and precise decision. The principle of DDLMS can be referred to [15] . After equalization, the output 16 QAM signals are decoded to binary stream for BER estimation. The raw data rate for 32-GBd 16 QAM DFT-S OFDM signal is 128-Gb/s. Counting the training sequence 1/30, CP 1/65 and 20% FEC overhead, the net data rate is 32 Â 4 Â ð29=30Þ Â ð64=65Þ=1:2 ¼ 101:52 Gb/s.
In terms of PAPR, a comparison between conventional OFDM and DFT-S OFDM with and without pre-equalizations is made. The calculated complementary cumulative distribution function (CCDF) curves have been added in Fig. 2(c) . Compared with conventional OFDM, 2.5 dB and 1.5 dB PAPR improvement can be attained for DFT-S OFDM without and with pre-equalizations, respectively. Moreover, the PAPR of conventional OFDM will be 0.5-dB increased by adopting equalization. This PAPR reduction is at the sacrifice of complexity, as additional DFT and IDFT operations are needed for DFT-S OFDM modulation. Due to the using of fast Fourier transform, 2Nlog 2 N ðN ¼ 2048Þ operations will be increased compared to conventional OFDM.
The principle of nonlinearity equalization can be referred to [16] . Two real-valued adaptive FIR filters are designed for linear and nonlinear compensation. The equalizer can be proposed as
Of this, x and y are the input and output of the equalizer, respectively. c k and c kp denote the linear and nonlinear weight. M and N represent the tap numbers of linear and nonlinear filters. The compensation process can be divided into two steps: First, the coefficients are updated by training sequences, and second, the attained weights are used for the entire payload.
Experimental Results for Single Wavelength Transmission
In this demonstration, both single wavelength transmission and four wavelength channels WDM transmission are experimentally investigated. In this section, single wavelength transmission is studied, and some key parameters including fiber launch power, optical signal-to-noise ratio, transmission distance and transmission capacity are measured and discussed to render this system work at the optimal condition. For the VSB modulation, both TOF and cost-effective interleave with 50-GHz grid are tested. First, all results are measured at the narrow bandwidth TOF case. The optical spectra of 32-GBd DFT-S OFDM signals before and after TOF are measured. The results are depicted in Fig. 3 . Fig. 3(a) shows the optical spectra without pre-equalization, and Fig. 3(b) shows the optical spectra with pre-equalization. From this figure, we can find the right band has been suppressed with the suppression ratio around 20 dB compared to DSB. It should be noted higher suppression ratio at right band can cause lower carrier-to-signal-powerratio (CSPR) at left band, which will induce relatively large signal-to-signal beating noise (SSBN), so that the CSPR should be maintain at least 15∼20 dB. In our demonstration, the CSPR is selected during the above range according to the minimal BER results.
After setting the suppression ratio and CSPR, the optimal fiber launch power is also measured to keep the trade-off between SNR and nonlinearity. The BER performance versus fiber launch power ranging from 5 dBm to 10 dBm with the varying step of 1 dB is depicted in Fig. 4(a) . The optimal injected power is 9 dBm. At the rest of the measurements, the fiber launch power for each span of 80-km SSMF is set to 9 dBm. The 80 km fiber loss is 17.5 dB. The required OSNR at BTB and 80-km SSMF transmission cases are also measured and the results are shown in Fig. 4(b) . At the SD-FEC limit, the required OSNRs for BTB and 80-km SSMF transmission are 30 dB and 34 dB, respectively, which can conclude that the 80-km fiber transmission can induce 4-dB OSNR penalty. The distortions are mainly come from EDFA and fiber. The noise figure of EDFA is about 5 dB, which will introduce noise during amplification. As for fiber, the chromatic dispersion and nonlinearity will also cause OSNR penalty.
The contributions of different equalization algorithms are compared and summarized in Fig. 5(a) . Due to the limitation bandwidth of the DAC, the signals without pre-equalization cannot be recovered at all, so the pre-equalization is requisite. Adopting pre-equalization, the 32-GBd signals can be transmitted over 30-km. With the aid of pre-equalization and DDLMS, it can be transmitted over 80 km. 160-km SSMF transmission can be achieved with the assisted of pre-equalization and nonlinearity equalization. After employing these three algorithms, 320-km SSMF transmission can be realized. Fig. 5(b) shows the BER versus different transmission capacity at the 80-km SSMF transmission case. In this case, the modulation format is 16 QAM, and the signal bandwidth is varied from 25 GBd to 36 GBd. The capacity can be up to 144 Gb/s, with the BER under the SD-FEC threshold.
The mismatch between the laser frequency and optical filter central frequency will impact the system performance, which is experimentally investigated. In this measurement, the bandwidth of the optical filter is fixed at 36 GHz, and the central frequency is varied with step of 1 GHz. As the left sideband is selected in this demonstration, carrier-to-signal-power-ratio will be reduced with the increasing of the optical filter central frequency. To a certain value, the optical carrier will be filtered out and the optic-to-electric conversion at the PD is realized by the signal-tosignal beating, which will lead to the signal cannot be recovered at all. If the central frequency of the optical filter is drifted to the other side, the high frequency part of 32-GBd DFT-S OFDM signals will be filtered out and the power fading effect induced by the chromatic dispersion will be occurred. From Fig. 6 , we can find the tolerance of the central frequency drifting is from −7 GHz to 2 GHz, which is acceptable for recently commercially used laser and optical filter. Inset (i) and (ii) in Fig. 6 shows the constellations of 1 GHz and −8 GHz frequency shifting.
We also replace the TOF with interleave considering its low cost for multi-channel case. The interleave is with 50-GHz grid. As the wavelength response of the interleave is fixed, the wavelength of ECL should be finely adjusted to match the response before the following measurement. The measured optical spectra without and with pre-equalization are shown in Fig. 7(a) and (b) , respectively. The resolution for these optical spectra is set to 0.02 nm. From Fig. 7(a) and (b) , we can find the suppression ratio of right band is about 18 dB, and the right part cannot totally suppressed, which is determined by the extinct ratio of interleave. Fig. 8(a) shows the measured BER versus OSNR. To meet the SD-FEC threshold, the required OSNR at BTB and 80-km SSMF transmission cases are 30 dB and 33.5 dB, which maintains the same performance with the OSNR requirement at TOF case. 3.5-dB OSNR penalty will be induced by 80-km SSMF transmission. Then, the BER versus transmission distance for 32-GBd signals is also measured. The results are shown in Fig. 8(b) . After 320-km SSMF transmission, the BER can be under the SD-FEC limit. Fig. 9 shows the experimental setup for 4 Â 128-Gb/s WDM 16 QAM DFT-S OFDM signals with direct detection over 320-km SSMF transmission. At the transmitter, four ECLs with the linewidth less than 100 kHz and the output power of 13 dBm are used for 4 WDM channels. The operating wavelengths of ECL1 to ECL4 are ranging from 1541.0 to 1544.6 with carrier spacing of 150 GHz. The odd (ECL 1 and 3) and even (ECL 2 and 4) channels are combined with two sets of polarization-maintaining optical couplers (PM-OCs) before separately intensity modulation. After intensity modulation, four 32-GBd optical 16 QAM DFT-S OFDM signals are spectrally filtered and combined using an IL with 50-GHz grid. Before being transmitted over 4 spans of 80-km SSMF with EDFA-only amplification in the absence of optical dispersion compensation, the output optical signals from IL are amplified to 9 dBm using an EDFA to compensate for modulation and insertion loss. After fiber transmission, a narrow bandwidth TOF is implemented to select the desired channel and adjust the suppression ratio to render the system work at the optimal condition. The detailed signal processing at the transmitter side and receiver side are the same with the single channel transmission depicted in Fig. 2 .
Experimental Results for WDM Transmission
The optical spectra at different points of the overall system are shown in Fig. 10 . Fig. 10 (a) and (b) show the optical spectra of four wavelength channels before and after 32-GBd DFT-S OFDM signals modulation, respectively. Fig. 10(c) shows the optical spectrum for channel 4 of 128-Gb/s DFT-S OFDM signals after 320-km SSMF transmission. The resolutions for the measured optical spectra at Fig. 10 are 0.02 nm. Finally, we have measured the BER performances versus transmission distances for each wavelength channel. The four curves are depicted in Fig. 11(a) . By adjusting the bias voltages of modulators and the TOF, the performances of the four channels can be almost the same. Each channel can realize 320-km SSMF transmission, and after 400-km SSMF transmission the BERs are around 2:4 Â 10 À2 . The required OSNR for channel 4 at BTB and 80-km SSMF transmission cases are also measured and the results are shown in Fig. 11(b) . From this figure, we can find 3.5-dB OSNR penalty will be induced by 80-km SSMF transmission compared to BTB case. The constellations after equalizations are also inserted in Fig. 11(b) . These results clearly show the feasibility of proposed 16 QAM DFT-S OFDM modulation scheme with algorithms for beyond 100 Gbit/s with 320-km reach. 
Conclusion
As far as we know, for the first time, we have experimentally demonstrated the transmission and reception of 4 Â 128-Gb/s 16 QAM DFT-S OFDM signals. With the aid of VSB, nonlinearity equalization, pre-equalization, and DDLMS, 32-GBd signals can be successfully transmitted over 320-km SSMF, with the BER under the SD-FEC limit. High capacity up to 144 Gb/s/lambda is also achieved after 80-km SSMF transmission. The contributions of each algorithm is fully discussed and compared. In addition, the required OSNR are also given in this paper. These results demonstrate the feasibility of the proposed scheme based on cost-effective and low PAPR DFT-S OFDM intensity modulation with direct detection, and also show its promising application in short-reach, access and metro networks.
